Abstract-A large mixotrophic ciliate (-200 km long) of the genus Stentor is a common constituent of the protozooplankton of Australian lakes. We investigated the photosynthetic rates of populations of this ciliate from two lakes, one in the Australian Capital Territory and the other on the New South Wales/Victorian border, in relation to photosynthesis by the whole phytoplankton community. The concentration of the ciliate varied between 192 and 4,267 cells liter-l during the study period of May-January (the au&al winter, spring, and autumn) and it contributed between 4.3 and 69.3% of total plankton photosynthesis. Individual photosynthetic rates ranged between 1.03 + 0.8 and 3.98 + 0.6 ng C cell-' h-l and individual Chl a content between 925 ? 62 to 1,461 ? 63 pg cell-', giving assimilation numbers of 1.00-2.74. Lightresponse curves indicated that the ciliate achieved its highest rates of photosynthesis at high photon fluxes, typical of the surface waters. Vertical distribution patterns of Stentor in the water column of one of the lakes supported these physiological data. Southern hemisphere lakes seem to have a protozooplankton that may contain substantial numbers of a large ciliate capable of contributing a significant portion of carbon fixation in the plankton.
they must be making a marked contribution to planktonic carbon fixation.
The protozooplankton of Australian lakes has been poorly researched, but anecdotal information suggests that a large mixotrophic ciliate (-200 p,rn long), which resembles Stentor amethystinus described from European waters by Foissner and Wiilfl (1994) and from South Africa by Nilsson (1986) , is common in the plankton and is often so abundant that it forms "oil slicks" and turns net hauls of phytoplankton deep purple. It contains large numbers of zoochlorellae and a purple light-sensitive pigment called stentorin, which has been characterized by Kim et al. (1990) . This ciliate has been described from the plankton of lakes in New Zealand (James et al. 1995) and is found in South American lakes (S. Wijlfl pers. comm.). Large ciliates such as Stentor are not commonly seen in the plankton of northern hemisphere lakes, which tend to have ciliate communities dominated by taxa of small ciliates, particularly oligotrichs, haptorids, peritrichs, and scuticociliates (Laybourn-Parry 1994) .
This study was undertaken to determine the contribution of Stentor to total photosynthesis in the plankton of two reservoirs and to elucidate aspects of its ecophysiology. Mixotrophy is a common phenomenon among planktonic protozoa in both marine and freshwater environments, and is practiced by a range of taxa including colored and heterotrophic flagellates, sarcodines, and ciliates. It involves the combination of heterotrophy with autotrophy to varying degrees. In most cases it involves endosymbiotic algae, but in the oligotrich ciliates and some heliozoans it is organellar and involves the sequestration of plastids from ingested algae of various types (Laval-Peuto and Febvre 1986; Rogerson et al. 1989; Patterson and Diirrschmidt 1987) . Although such nutritional versatility confers undoubted advantages on those protozoa that possess it, the contribution of these organisms to overall photosynthesis in the plankton varies considerably. The freshwater oligotrich Strombidium viride, for example, contributed only 0.5% of total carbon fixation in a eutrophic temperate lake (Perriss et al. 1994 ) whereas the marine species Laboea strobilu contributed an estimated average 2% in Georges Bank (NW Atlantic; Stoecker 1991) . In some tropical and subtropical lakes, however, the proportion of mixotrophic ciliates (usually oligotrichs) is high, which suggests that mixotrophic ciliates may be contributing significantly to photosynthesis in the plankton (Hecky and Kling 1981; Beaver et al. 1988 ). In a marine study in the Nordic Sea, mixotrophic ciliates occasionally contributed up to 24% of community chlorophyll (Putt 1990) . Here, too, The plankton of Lake Tuggeranong (Australian Capital Territory) and Lake Hume on the New South WalesNictorian border was sampled with a 51 Kemmerer bottle. On each occasion, water was collected for immediate photosynthetic measurements at the laboratory, for Chl a analysis of the phytoplankton, and three replicate l-liter samples were fixed in Lugol's iodine for counts of Stentor abundance. Net hauls were taken to collect Stentor for the analysis of individual Chl a content and to provide organisms for individual photosynthetic rate determinations. Lake Tuggeranong was sampled in May. Lake Hume was sampled in May, July, September, and November 1995 and in January 1996. On one occasion during July, the water column of Lake Hume was sampled at three sites along the lake length between 1100 and 1300 h to determine if vertical zonation of the ciliate occurred in relation to light climate. Light measurements were made on every sampling occasion using a LiCor LI-192 SA quantum sensor. Water temperatures were measured with a Yellow Springs Instruments DO/temperature meter.
For Chl a analysis, whole water was filtered through GF/F glass-fiber filters, and the Chl a was extracted in methanol in the freezer for 24 h, before analysis in a fluorimeter (Perkin-Elmer). For the Chl a content of Stentor, five groups of 50 cells were carefully picked out with a micropipette and Notes washed through two changes of 0.2-Frn filtered lake water and then suspended in 4-5 ml of filtered lake water. This solution was then filtered through 25-mm GF/F glass-fiber filters and the chlorophyll extracted and analyzed as previously stated. Lugol's fixed material was concentrated by settling and was then counted in a Sedgewick-Rafter counting chamber.
Photosynthesis was measured on each occasion at a temperature corresponding to that pertaining in the lake under investigation, at an irradiance level of 700 pmol me2 s-l. This is comparable to the light flux in the top 0.5 m of the water column on a sunny day. Twenty-five @i of 14C-bicarbonate was added to 100 ml of lake water, from which aliquots were removed as follows: (1) three 7-ml aliquots as a check for the activity level, with 200 ~1 of 1 N NaOH added to each; (2) three control 7-ml aliquots, with 200 ~1 of 6 N HCl added to each; and (3) three 15-ml experimental aliquots incubated for 3 h in glass bottles suspended in a water bath. The incubations were terminated by the addition of 6 N HCl. Control and experimental scintillation vials were then shaken for 3 h to drive off unincorporated CO,, after which 400 l~,l of 6 N NaOH was added to each vial to render the samples basic and avoid any loss of volatile photosynthate due to hydrolysis at low pH. After the addition of 10 ml of scintillation fluid, the vials were counted in a LKB Wallace Rackbeta 11 12 15 scintillation counter. Photon flux (mol m-2 s-1)
Three batches of 50 Stentor cells suspended in 10 ml of 0.2~km filtered lake water, with levels of activity equal to that in incubations of natural lake water, were incubated for 3 h at an irradiance of 700 p,mol rnp2 s-l together with three controls of filtered lake water. The incubations were terminated and treated as described above. The initial inorganic carbon content of lake water and filtered lake water was determined by Gran titration. The photosynthetic rates of aliquots of isolated cultured zoochlorellae were measured in the same manner as described for Stentor. The number of zoochlorellae in an aliquot was determined from counts of samples filtered onto 0.2~Frn polycarbonate filters and counted under fluorescence microscopy using a blue filter for chlorophyll autofluorescence. Doubling times of the Stentor were measured at 15°C in a light cabinet with a photosynthetically active radiation (PAR) flux of 700 kmol rnp2 s-l. Batches of 100 cells were suspended in 50 ml of unfiltered lake water contained in Whirlpaks and incubated for 5 h. At hourly intervals, five replicate Whirlpaks were fixed in Lugol's iodine. The cells were concentrated by settling and counted in a SedgewickRafter counting chamber. Light-response curves were measured using a Hansatech Light-response curves indicate that the compensation (Kings Lynn, Norfolk, U.K.) DW3 liquid-phase chamber point (where photosynthesis equals respiration) for the popwith oxygen electrode (S 1) and control box (CBl-D) couulations in both lakes occurs between a light flux of 250 and pled to a modulated fiberoptic light source. The automated 400 pmol m-l s l, with the lower figure pertaining to Lake methods of Seaton and Walker (1992) were used for data Hume (Fig. 1) . In both populations, gross and net photosynacquisition. Measurements of gross and net photosynthesis thesis increased progressively with increasing light flux. The of groups of 400 Stentor cells in 2 ml of filtered lake water high motility of this photosynthetic organism allows it to were made for each lake in May at 15"C, which correspondcontrol its position in the water column within the limits ed to the current environmental temperature. Preliminary eximposed by wind-induced mixing of the lake waters. Carbon periments with this apparatus indicated that at least 300 cells fixation measured by the uptake of 14C-bicarbonate varied were needed to give consistent results. This apparatus, alseasonally in Lake Hume, with the highest levels achieved though requiring concentrations of cells above those norin the spring and summer (May and January; Table 1 ). Lake mally seen in the field, does permit the response of the cilTuggeranong had a comparable high level in May. During iates to changes in light climate to be measured on single the course of the year the contribution of Stentor to Chl a batches of organisms.
concentrations and total photosynthesis in the plankton was Cell volumes of Stentor were determined from microscopic measurements, and cell volume was calculated by assuming the cell to be a cone. Each cell was then disrupted with 20% chloroform solution and the cell contents were suspended in 0.2~km filtered lake water, stained with DAPI, always significant (Table 1) . The rates shown here can be taken as maximum rates because they were measured at a light flux typical of the surface waters under sunny conditions. The number of Stentor cells in the water column varied considerably from -1,500 to >4,200 liter-l. The greatest percentage contribution to plankton photosynthesis occurred when numbers of Stentor were at their lowest in winter. This, however, was the time of lowest individual photosynthetic rates. During other months individual photosynthetic rates exceeded 2 ng C ind.-' h-l. Highest individual rates were recorded in Lake Tuggeranong (3.98 ng C h-l Table 1 ). Assimilation numbers for the Stentor populations were usually lower than those seen in the whole plankton community (Table 1). There was no apparent relationship between the cell volume of Stentor and the number of zoochlorellae contained within the cell (Fig. 2) . The average number per cell was 4,741 + 950. On the basis of the photosynthetic rate of a single zoochlorella (87.1 fg C h-l), the average population of zoochlorellae inside a Stentor cell should achieve a carbon fixation rate of 0.41 ng C h-l, which is considerably lower than that actually achieved (see Table I ).
A comparison of the carbon fixation rates measured by the two techniques used here shows that rates using oxygen electrodes and oxygen evolution, when corrected for the ox- ygen removed during respiration by Stentor (Laybourn 1976) , are -4O-50% of those recorded using 14C incorporation. In these experiments, high concentrations of the ciliate (200 ml-l) were necessary to achieve measurable rates, whereas in the 14C incorporation procedure we were able to work with only 5 cells per ml, which is comparable to field concentrations seen during this investigation. On one calm overcast day in July the vertical distribution of Stentor in the water column displayed a distinct vertical zonation, with highest numbers in the top 2 m (Fig. 3) . The ciliate extended below the level of PAR extinction (3-3.5 m) with low numbers to 10 m (the deepest point sampled) (Fig. 3) . Under windless conditions the ciliate can undoubtedly regulate its position in the water column; however, under conditions of strong wind-driven turbulence, its own locomotory activity is likely to be overridden by turbulent mixing of the water column. Stentor seems to favor high Notes PAR levels, which is consistent with the rates of photosynthesis seen in the light-response experiments (Fig. 1) .
The specific growth rate of Stentor at 15°C was 0.007 + 0.0003 h-l, which gives a doubling time of 4.1 d. This temperature is typical of Lakes Hume and Tuggeranong in the late autumn and early winter. One may expect higher growth rates in the stmrmer when water temperatures reach 20-25°C in the surface waters.
Stentor made a very substantial contribution to photosynthesis in the plankton. Although the abundance of cells may be comparable to, or lower than, mixotrophic ciliate numbers recorded in eutrophic/mesotrophic northern hemisphere lakes (Beaver et al. 1988; Laybourn-Parry and Rogerson 1993) , the large size of Stentor and its substantial Chl a content are responsible for the high level of population photosynthesis observed. In some of the northern hemisphere subtropical colored lakes, however, very high abundances of mixotrophic oligotrich ciliates occur (up to 250,000 liter-l) (Beaver et al. 1988) . By using reported Chl a contents of Strombidium viride (Perriss et al. 1994) , this equates to -40 pg Chl a liter', which must be playing a substantial role in plankton photosynthetic activity. Individual S. viride cells had a Chl a content of 160 pg in a eutrophic temperate lake (Perriss et al. 1994) , which is -6-9 times lower than the range reported here for Stentor (925-l ,461 pg cell-l).
The limited data on the photosynthesis of mixotrophic ciliates suggest that the plastid-sequestering freshwater oligotrichs are less efficient than species containing endosytiiotic algae. The assimilation number, or chlorophyll-specific photosynthetic rate [Fg C (kg Chl a)-' h-l], of the freshwater species S. viride was 0.33 (Perriss et al. 1994) , which is less efficient than all of the marine species investigated to date (Putt 1990; Stoecker et al. 1987; Stoecker et al. 1989 ). Marine species of plastidic Strombidium had chlorophyllspecific rates of photosynthesis ranging between 0.7 and 4.0. The assimilation numbers of Stentor compare with marine plastidic mixotrophic ciliates and the cryptophycean-containing, apparently entirely autotrophic Mesodinium rubrum (Stoecker and Michaels, 1991) . However, both the rates of photosynthesis and the chlorophyll-specific rates are likely to be underestimates when derived from 14C uptake, because as Stoecker and Michaels (1991) suggested, the endosymbiont or plastids must also be using the CO, evolved by the ciliate, and the photosynthate may be preferentially respired in mixotrophs, reducing net measurable photosynthetic rates. Additionally, the endosymbionts may also derive some, or all, of its phosphorus and nitrogen requirements from the excretory products of the ciliate. The lower photosynthetic rates seen in the isolated Chlorella cells in this study support this view. Endogenous nitrogen levels may be insufficient to meet the demands of the endosymbiotic algae, however, because Paramecium bursaria with endosymbiotic algae takes up nitrogen, whereas those lacking endosymbionts excrete nitrogen (Albers et al. 1982) .
Light-response curves showed that photosynthesis increased with increasing light flux and that the compensation point was at a relatively high light level. The vertical distribution pattern of the ciliates in the water column supported this pattern. The response of endosymbiotic algae to light has also been demonstrated in zooxanthellae living in corals.
Here, carbon fixed in light-adapted corals is five times that of shade-adapted corals, while carbon respired is about twice that achieved in the shade (Muscatine et al. 1984) . Stentor contains a light-sensitive pigment (stentorin), and our observations in the laboratory show that it is positively phototactic; that is, it moved toward and concentrated at a bright light source held at the side of dish. The color of the ciliate, as well as the cell wall and cytoplasm, must cause marked light attenuation within the cell so that in order to provide its endosymbionts with an adequate photon flux for photosynthesis, the ciliate must position itself in bright light. Although the Hansatech system allows the response of ciliates to differing light regimens to be quantified, it is a system designed for measuring the photosynthesis of higher plant tissue or dense concentrations of cultured unicellular organisms (e.g. ChZoreZZa). Consequently, high concentrations of Stentor were required in these experiments (equivalent to 200,000 liter-'). The crowding effects of the ciliates undoubtedly contributed to the lower rates of photosynthesis derived from this protocol compared with those seen from the uptake of 14C. A comparison of different techniques (including oxygen microelectrodes) for measuring respiration in barley protoplasts has shown that number of cells per unit volume has a marked impact on measured rates (Owen and Laybourn-Parry 1987) .
In Lakes Tuggeranong and Hume, Stentor numbers ranged between 192 and 4,267 liter-l and contributed between 4.3 and 69.3% of total photosynthesis in the plankton during this study. Similar densities of Stentor have been recorded in New Zealand Lakes Taupo and Okaro (James et al. 1995) and in Chilean lakes (S. Wiilfl pers. con-m.). Unpublished data collected over a 15-yr period (Australian Capital Territory Electricity and Water) show that Stentor is a common and often abundant component of the plankton in all of the lakes routinely sampled, frequently achieving densities of 5,000-10,000 liter-l. In some years it reached extremely high abundances; for example, in 1992 in Lake Burrinjuk, it reached levels of 57,000 liter-l. Based on the Chl a contents derived from the present study, it must have accounted for >95% of total Chl a at that time and was probably the major photosynthetic component in the plankton.
Review of the now substantial literature on the protozooplankton of northern hemisphere lakes revealed that Stentor is not commonly reported as a constituent of the plankton (Laybourn-Parry 1994) . Unlike the zooplankton of Australian lakes, northern hemisphere lake plankton often have large numbers of cyclopoid copepods as well as calanoids. The cyclopoids are raptorial feeders and do exploit ciliates as food (Laybourn-Parry et al. 1988) . A recent study of the impact of zooplankton predation on a ciliate community showed that while both cladocerans and copepods imposed predation pressure, cyclopoid copepods seemed to impose the greatest effect (Wiackowski et al. 1994) . James et al. (1995) attributed the presence of large planktonic ciliates in New Zealand lakes to the lack of predators able to exploit them. In the New Zealand lakes they studied, cyclopoid copepods were scare and the Calanoid copepods were small species probably unable to exploit a ciliate as large as Stentor. Thus, the absence of predation pressure has allowed the development of a protozooplankton that may be periodically dominated by a large mixotrophic ciliate, able to contribute a substantial portion of plankton photosynthesis. The relatively fast doubling times of this large protozoan and the lack of strong predation pressure allow this organism to build up numbers fairly quickly under suitable conditions. The widespread occurrence of Stentor in the plankton of southern hemisphere lakes suggests that it is indigenous to Australian lakes and is not another introduced species exploiting an unoccupied niche.
